In order to satisfy higher requirements for data transmission rate and system capacity, millimeter wave (mmWave) with abundant spectrum resources has be exploited and become a research hotspot of the fifth generation (5G) mobile communication systems. However, introducing mmWave technologies into cellular networks also faces many severe challenges, especially the initial user equipment (UE) discovery. In the UE discovery, the narrow-beam directional scanning is often used to search the UE, but it increases the control overhead of the system and brings about a non-negligible search delay. In this paper, we will analyze the average search delay of mmWave systems under two different UE access methods, i.e., the random scanning access method in independent networks and the search method based on UE location in heterogeneous networks. Taking the average search times discovering UEs as a measure and the number of search sectors in beam-space as an optimization parameter, the optimal number of sectors with the maximum capacity is obtained so that the search delay and the capacity can be balanced. The simulation results verify the correctness of the analysis and show that the performance of the user discovery method in heterogeneous networks is better than that of the random scan access method in mmWave independent networks. INDEX TERMS mmWave communication, cell discovery, beam scanning, search deal, capacity.
base station. In this processing, the UE first detects the neighboring BSs in the cell search phase and then acquires the connection with the network by initiating the random access phase. The reliance on directional transmission of mmWave complicates the initial access of the system [6] [7] [8] [9] . In traditional cellular systems such as long term evolution (LTE), BSs generally use fixed beams for omnidirectional coverage [5] to implement the UE discovery while BF and directional transmission are usually used after user associated with base stations (BSs) to achieve high beam gain. In mmWave systems, the high path loss characteristics will result in a mismatch between the control range and the data transmission range when the BS and directial transmission are exploited. To solve this problem, in the process of UE discovery, BSs need to use BF technology to obtain narrow beams and scan the whole beam space directionally to expand the coverage of mmWave system. Beam scanning, which uses continuous switching beams to cover different directions, has been widely used in IEEE802.11ad and other protocols [6] . Because of the potential beam search space, this search method reduces the initial access speed of UE, resulting in serious search delay. While the gain of BF improves the system capacity. Therefore, there is a tradeoff between the search delay and the capacity of mmWave systems [10] .
Beam scanning method and UE access mechanism are important factors affecting search delay. Reference [11] presented exhaustive search method, that is, sequential scanning of all possible transmitting and receiving beam pairs to search UEs. However, the randomness of exhaustive search results in higher beam training costs, especially in the case of narrow beams. In order to reduce the training cost, [12] proposed a hierarchical search process, in which BSs first use wide beams for sector-level exhaustive search and then use narrow beams for beam-level optimization search. Reference [6] proposed a greedy scheme of the UE access, which utilizes the statistical features of WiGig access point (AP) to estimate the suboptimal candidate AP along with the suboptimal beam direction for reducing the training cost and maximizing the total system throughput. Reference [13] investigated the feasibility of random BF and analyzed the performance in terms of failure probability and expected latency for UE discovery. At the same time, UE location information plays an important role in reducing search delay and making efficient use of mmWave resources. [7] and [9] proposed a locationbased multi-level beamforming technique using compressive sensing-based channel estimation for mmWave communication systems. Context information related to UE location was proposed to improve the process of UE discovery in [14] . A method based on geographic location database was proposed to store information collected over time in this database to guide future searches. The results show that the performance of this method depends on the UE distribution, but its performance is significantly better than the traditional search method in the case of low information accuracy. Reference [15] proposed an algorithm based on learning weights. According to previous search experience, it was expected that more users would be found to automatically prioritize sectors to reduce latency. The results showed that the number of UEs in the first scan was increased by 19% and the delay was reduced by 84% compared with the current advanced methods. [16] analyzed the directional cell search delay for fixed cellular networks. The exact expression of global average cell search delay in Poisson cellular networks is further derived by using stochastic geometric analysis tools. However, the research in [16] was only from the perspective of user discovery, the balance between search delay and system capacity was not considered from the perspective of time frame model.
In this paper, we mainly analyze and optimize the search delay of user discovery in mmWave system by using stochastic geometric mathematical tools. Under the random scan access method, the average search delay of the system is obtained when the signal-to-interference-plus-noise ratio (SINR) is large enough and the threshold of SINR is taken into account. A heterogeneous network model is constructed, and the beam scanning scheme is reasonably designed by using user location information, and the average number of search times discovering users is analyzed. The factors affecting the average search times are discussed and an optimization scheme is proposed.
The rest of this paper is organized as follows. In Section II, we describe the system model of mmWave. In Section III, we get the average search delay of the random scanning access method and the UE location information-based method, respectively, and analyze the influence of search delay on the system capacity. In Section IV, the simulation results are presented. Finally, conclusions and suggestions for future work are drawn in Section VI.
II. SYSTEM MODEL
In this section, we introduce the networking modes of mmWave systems and user discovery methods under different networking modes at first. Then we introduce the time frame model, BF gain model and the received signal model.
A. NETWORKING MODE OF MMWAVE SYSTEMS
At present, there are two modes of mmWave network, independent mode and heterogeneous mode. The independent networking mode is operated by the mmWave BS alone, which is responsible for the transmission of synchronous signals, control signals, and data singals. The heterogeneous networking mode uses low-frequency-assisted mode, which combines macro base station (MBS) working in microwave frequency bands and the small base station (SBS) working in mmWave frequency bands, as shown in Fig. 1 . MBS sends synchronous signals and basic information of control signals in low-frequency microwave band to assist UEs to discover the SBS first and then transmit data. In heterogeneous networks, the coverage of MBS is named as macro cells (MCs) and that of SBS is named as small cells (SCs).
For mmWave independent networking mode, random scan access method is adopted in UE discovery phase. The whole beam space is evenly divided into K sectors. BSs scan each sector randomly. If UEs are searched, then useful signals can be detected from interference and noise, that is to say, UE access conditions are satisfied, then UEs are considered to be successfully detected.
For heterogeneous networks, the separation of control plane (C plane) and user plane (U plane) is an important criterion to realize the location-based UE search. The MBS is responsible for the connection of the C plane, which mainly transmits signaling and manages the U plane. It can completely cover the SBSs and UEs in the system. Through the connection of the C plane, the MBS obtains the geographic position information of UE, then sends it to the SBS. According to the position information provided by the MBS, UE can be searched by directional scanning in a certain beam space. The mmWave network transmits data to UE through directional beams at U plane. Compared with the mmWave independent network, the heterogeneous network achieves better coverage by using MBS while establishes higher rate transmission. Ideally, if the UE information provided by MBS is correct enough, the SBS can discover UE when performing the first beam scanning. However, in fact, due to the mobile speed of UE, location information transmission delay, MBS azimuth judgment bias and other factors, the position and azimuth information provided is only an estimate and not accurate.
Generally, stochastic geometry can be used to model the site distribution of the system. Since every device in the network can be associated with MBS, it is not necessary to know its specific location. We assume the radius of MC is R M . In the dense network mode, it can be considered that all the connections in the system are line-of-sight (LOS). The locations for BSs are modeled as a realization of poisson point process (PPP) with a density λ. According to Slivnyak's theorem [17] , we can choose a typical UE u 0 located at the origin of to analyze [18] . MBS works in microwave band, so it will not interfere with SBS that works in mmWave band.
B. TIME FRAME STRUCTURE
As shown in Fig. 2 , the whole communication time T consists of two phases, i) cell discovery τ and ii) data transmission T − τ [18] . During the cell discovery phase, mmWave BSs broadcast synchronization signals and obtain basic information from UEs, such as the channel state information and the locations of UEs. We assume that the mmWave BSs would periodically transmit signals once every T per seconds in an interval of length T sig . The rest of T per is waiting for the response from UEs. N slot represents the total number of T per in the cell discovery phase. After the cell discovery phase, a communication connection for data transmission can be established between mmWave BSs and UEs.
C. DIRECTIONAL BEAMFORMING
For tractability of the analysis, we assume that the actual antenna pattern is approximated by a sector beam pattern as shown in Fig.3 , where the beamwidth of the main lobe is θ and the directivity gain of all angles in the main lobe is a constant G. The whole beam space is 2π , therefor the beamwidth of the side lobe is 2π − θ and the gain in the side lobe is a constant g which is much smaller than 1. This ideal model captures the most important characteristics of antenna patterns, namely directional gain, halfpower beamwidth, and front-to-back ratio.
Referring to [19] , if the energy of each angle is normalized to unit for omnidirectional coverage, the BF gain of the sector antenna model is
where g 1, because most of the radiated power is fixed in the main lobe. In order to make the following analysis tractable, we simplify it to
, main lobe, 0, side lobe.
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D. RECEIVED SIGNAL MODEL
We assume that each mmWave BS is equipped with an antenna array consisted of N t elements and transmits signals with the same power P t . Further, the typical UE is equipped with a single receiving antenna and served by the nearest SBS. The BF beamwidth is assumed to be θ . The small scale fading is assumed to be Rayleigh fading following an exponential distribution with unit mean. The distance between the SBS and the UE is supposed to be r. The path loss function is L(r) = βr −α , where β is the path loss gain at the unit distance and α indicates the path loss exponent [20] . The received signal is expressed as
where G is the BF gain, h 0 and h i ∼ exp(1) respectively denote the square of the amplitude of the Rayleigh fading between u 0 and the servicing BS as well as the ith interference BS. s is the transmit signal. P t is the transmit power and n ∼ (0, σ 2 ) represents noise.
III. ANALYSIS AND OPTIMIZATION OF AVERAGE SEARCH DELAY OF UE DISCOVERY
In this section, we will analyze the average search delay for both different mmWave nework models. We will first get the SINR expression according to the analysis in Section II. And then, we will use the properties of PPP to derive the expressions of average search times of UE discovery under different networking modes and UE discovery methods. Finally, we will discuss the factors affecting the average search times and propose an optimization scheme.
A. SIGNAL TO INTERFERENCE PLUS NOISE RATIO
According to the received signal model in (3), the received SINR can be expressed as
where i∈ P t G i βr i −α h i is the cumulative interference from all the other BSs (in addition to the servicing BS) which are located at a distance r i from the typical UE and have channel fading value h i . Since the scanning directions of all BSs at the same time are random and distribute uniformly within 2π , the BF gain of each BS that causes interference to the typical UE is modeled as a discrete random variable G i such that
Based on the dilution property of PPP [17] , the process denoted by I which is extracted from by probability p 1 is still a PPP with a density p 1 λ. Further, SINR can be expressed
where (a) comes from p 1 = θ 2π in (5), σ 2 n = σ 2 βP t is the normalized noise, I r = i∈ I r i −α h i is the normalized cumulative interference.
B. AVERAGE SEARCH DELAY ANALYSIS OF RANDOM SCAN ACCESS METHOD
When the SINR of the system is large enough, the UE can detect the signal from the BS as long as it is scanned. At this time, we do not consider the influence of SINR threshold. Assume that the coverage radius of LOS is R M , then the coverage is π R 2 M . Denote the number of BSs in the cell as n BS = m. From the analysis in Remark 1 in [21] , we can get the average search times, N 1 , for discovering the UE without considering the SINR threshold as
Correspondingly, the probability of discovering a user within L times can be derived as
Considering the influence of SINR threshold, when the typical UE successfully detects the strongest signal received in one direction in any slot reaching the SINR threshold , it is considered that the UE has been successfully discovered. Let x i be the location of the ith BS in the cell and r i the distance between the ith BS and the typical UE. In this case, if the SINR of the UE to any BS in the set of BSs is larger than the given threshold , the UE can be viewed as the successful discovery. Correspondingly, the successfully discoverying probability for one direction can be expressed as P max
, then the probability that the BS discoveres the UE in one slot can be expressed as
where I {•} is indicative function, 1 − e −λπ R 2 M denotes the probability that the number of BS is not zero in the coverage.
Based on Campbell Mecke Theorem and (6), we can further express (9) as
L I r (s) is the Laplacian transformation of random variable I r .
It can be obtained from the concept of Laplacian transformation
Further, according to the probability generating functional (PGFL) of PPP [17] , we can get
Combining (10) and (12), the final expression of UE discovery probability in one slot is obtained as
Since the BF gain G is expressed as G = 2π θ while N slot = 2π θ represents the number of search sectors in the whole beam space, (13) can be further expressed as
Therefore, the probability of discovering the UE in the kth slot can be expressed as
In this case, the average search times, N 2 , of the UE discovery considering the SINR threshold can be expressed as
C. AVERAGE SEARCH DELAY ANALYSIS BASED ON UE LOCATION INFORMATION
In heterogeneous networks, the nearest SBS that provides minimum path loss to the typical UE is chosen by MBS to be the servicing BS. Without loss of generality, we assume that there are multiple SBSs which send the signaling information to its corresponding typical UEs. In this case, there exists the inference. We assume that the distance between the servicing BS and the typical UE is r. The probability density function of r is f R (r) = 2π λre −λπ r 2 . If the UE location is known accurately, then the service BS can directly point at the UE with a narrow beam. However, the practical UE location information is often from the estimation at the receiver side and its estimation accuracy is affacted by many factors, the service BS has to consider the error of the UE location information and searches the UE in some beam space covering the UE location. Assmue that the search space angle is to overcoming the effect of the UE location information error and SBS divides into several sectors according to the scanning beamwidth θ , then the number of sectors can be expressed as N = θ ≈ θ . In order to reduce the influence of user location information deviation and simplify the UE search, it is necessary to consider the sectoral scanning sequence of the service SBS. The direction of the first scan is the direction of the UE position information obtained, and then the adjacent sectors are scanned clockwise or counterclockwise, as shown in Fig. 4 .
When SINR threshold is not considered, the probability of discovering the UE in each sector is equal to 1 N . In this case, the average search times, N 3 , of discoverying the UE without considering the SINR threshold can be obtained as
Considering the SINR threshold, the probability of discovering UE in one slot is 
In this case, the average search times, N 4 , of the UE discovery considering the SINR threshold can be be written as
Since N = 2π N slot , (17) and (19) can be further expressed as
D. SYSTEM CAPACITY ANALYSIS
Capacity is an important indicator of the system performance.
Since mmWave systems use directional beam scanning during the UE discovery phase, the influence of search delay must be considered in the capacity analysis. mmWave networks have relatively greater noise power than interference power because of the wider bandwidth and the high isotropic path loss. As long as the carrier frequency and bandwidth are high enough, mmWave networks are usually noise-limited [22] . Therefore, in order to simplify the analysis, we neglect the interference and only consider the influence of noise when calculating the system capacity. Based on the time frame structure described in Subsection II-B and according to the Shannon theorem, the system capacity can be expressed as
The relationship between average search times and N slot .
Gr −α f R (r)dr
where φ represents TDD downlink occupancy ratio, B is transmission bandwidth, N i , i = 1, 2, 3, 4 represents the average search times under different situations obtained in Section III-B and Section III-C. As shown in Fig. 5 , N i is a monotonically increasing function of N slot . It means that the average search times in UE discovery increases with the number of search sectors. From the expression of system capacity function, φB 1 − N i T p T decreases monotonously with N slot while log 2 1 + 2πλN slot σ 2 n r>0 r 1−α e −λπr 2 dr increases monotonously with N slot . Therefore, we can draw a conclusion that there exists an optimal number of the search times or an optimal scanning beamwidth since the scanning beamwidth is decided by the search times.
IV. SIMULATION RESULTS
In this section, we provide numerical simulations of average search times and capacity based on the analysis in the previous sections. The average search times of mmWave independent network and heterogeneous network are simulated respectively. The influence of BS density and SINR threshold on the average search times is analyzed, and the existence of the optimal beam space sector is verified to maximize the capacity.
The parameters in the simulation are set as follows. The mmWave network is operated at 73 GHz with the total bandwidth B = 1 GHz and transmit power P t = 45 dBm. The radius of LOS ball is 100 m. The noise power spectral density is −174 dBm/Hz and noise figure is 10 dB. As to the path loss, we assume that α = 4 and β = 10 −6.14 which corresponds to the high carrier frequency. Based on UE location information method in heterogeneous networks, the scanning space of micro-stations is set to = 180 • . In addition, the UE discovery cycle is chosen as T = 10 ms. We assume φ = 0.5 considering TDD constraints. Fig. 6 compares the probability of discovering UE in a limited time slot between the random scan access method and the UE location-based method when the beamwidth θ = 10 • . It can be seen that the probability of discovering UE increases with the limited number of searches. Under the same number of searches, the probability of discovering UE based on location information method is greater than that of random scanning access method. Meanwhile, it can be seen that the simulation results and the analysis ones are almost the same. Therefore, the numerical simulations are only given in the following figures. Fig. 7 shows the relationship between the average search times and the BS density under the random scan access method. The average search times decrease with the increase of BS density. When the BS density increases to a certain extent, the cell coverage tends to be saturated and the average search times tend to be stable. In addition, the narrower the beamwidth is, the more directions need to be scanned, and the larger the average search times. Fig. 8 and Fig. 9 show the relationship between the average search times and SINR threshold under random scanning access and UE location information with θ = 10 • , λ = on UE location information method is far less than that of random scanning access. With the increase of SINR threshold, higher gain is needed to meet the threshold conditions to cover a larger range. Therefore, the number of spatial sectors and the average search times increase. Fig. 10 shows the relationship between the system capacity and the number of spatial search sectors N slot when SINR threshold is not considered. We set λ = 1 π × 10 −4 /m 2 and T p = 60µs. It can be seen from the figure that there is an optimal number of sectors N * slot to maximize the capacity. When the number of sectors is very small, although the search time is short and the data transmission time is long, the average search times are related to the BF gain. At this time, the BF gain is small, so the capacity is also low. As the number of sectors increases, the average search times increases while the BF gain increases, and the system capacity also increases. When the system capacity increases to a certain extent, the influence of search delay on the system capacity will exceed that of BF gain. Fig. 11 shows the relationship between the system capacity and the number of search sectors with = 1, λ = 1 π × 10 −4 /m 2 and T p = 15µs. As shown in the figure, there still exists N * slot to maximize capacity. The capacity based on UE location information is larger than that based on random scan access method. This is because when UE location information is known, the beam search space can be reduced appropriately according to the accuracy of UE location information, the search delay can be reduced, and the data transmission time can be increased. Since the closedform of N * slot is difficult to obtain, we can adopt the variable step iteration method in Table 1 to approximate the optimal value.
V. CONCLUSION
In this paper, we analyze the average search delay of random scan access and based on UE location method respectively. We deduce the expression of the average search times needed to find UE. The average search times are related to the number of search sectors. By analyzing the upper limit of capacity in mmWave noise-constrained networks, it is found that there exists an optimal number of sectors to maximize the capacity under the average search delay. The simulation results verify the validity of the average search delay analysis and sector number optimization scheme. By combining the traditional MBS and SBS in heterogeneous network, the average search delay and system capacity performance are better than the millimeter wave independent network. Multi-BS joint search and considering UE mobility can be investigated for future study. 
